Objective: Thoracoabdominal aortic surgery is a high-risk procedure and associated with a signi®cant morbidity and mortality. Ischemia reperfusion of visceral organs and lower extremities is one of the most important determinants of this morbidity. Arginine is the precursor of nitric oxide and arginine plasma levels are important in maintaining organ blood¯ow. Furthermore, arginine is important in wound healing and the immune system. Because of increased utilization of arginine, low arginine plasma levels could be expected after thoracoabdominal aortic surgery. We therefore measured arginine plasma levels in these patients. Design: Six patients with thoracoabdominal aortic aneurysm were included in this study.
Introduction
Thoracoabdominal aortic surgery is a high-risk procedure and, despite of improvements in surgical techniques and perioperative care, it is still associated with a signi®cant morbidity and mortality. Morbidity includes systemic and local infections such as wound infection, graft infection, pneumonia, septicemia and multiple organ failure (MOF). One of the most important determinants of morbidity in these patients is ischemia reperfusion injury of the visceral organs and the lower extremities. Ischemia of the gut leads to mucosal damage followed by bacterial translocation. It has been suggested that this translocation is the main source of endotoxemia, which gives rise to a systemic in¯amma-tory response and contributes to the development of MOF. In a study in rats, we observed a reduced blood¯ow to the small intestine when low arginine plasma levels were present during low-grade endotoxemia (Prins et al, 2000) .
Arginine has multiple biological functions: it enhances wound healing, improves immune function and T-cell antitumor immunity, has anti-catabolic effects, plays an important role in the urea cycle by eliminating nonessential nitrogen-containing compounds from the body and, even more important, is the precursor of nitric oxide (NO). Recently, we reported data from a study in multiple trauma patients, who were fed with a glutamine enriched enteral nutrition (Houdijk et al, 1998) . Glutamine is catabolized by the small intestine and serves as a major precursor for intestinal synthesis of arginine. Plasma arginine levels in these trauma patients were decreased. Feeding these patients with a glutamine enriched diet increased arginine plasma levels, which could be an explanation for the signi®cant reduced morbidity (Houdijk et al, 1998) . The course of arginine plasma levels in patients after thoracoabdominal aortic surgery is not known, but because of utilization of arginine by the immune system, its use in wound healing and increased consumption for NO synthesis to increase blood¯ow in the visceral organs during ischemia, we hypothesize that these patients are at high risk of developing low arginine plasma levels. We therefore measured arginine plasma levels in patients undergoing thoracoabdominal aortic surgery.
Methods
In six patients (four male, two female), aged between 62 and 79 y, undergoing thoracoabdominal aortic surgery at the University Hospital of the Vrije Universiteit in Amsterdam during the period from May 1998 to August 1998, arginine plasma levels were measured on the day before the operation and on the ®rst, third and sixth day after the operation. The patients participating in this study were treated according to good clinical practice and did not receive an amino acid enriched diet or infusion of amino acids. Thoracoabdominal aortic aneurysm repair was performed using standard surgical techniques. Left atrial bypass was used in patients undergoing repair of Crawford I (one patient) and II (three patients) thoracoabdominal aortic aneurysms. The remaining two patients (Crawford III) were operated by simple cross-clamping without shunts. Clinical and laboratory data from a larger group of patients undergoing thoracoabdominal aortic surgery were collected to provide insight in to the impact of these major operations, including total operative time, visceral ischemia time, estimated blood loss and the use of perioperative units of packed cells, platelets and fresh frozen plasma. Furthermore, assessment of the in¯ammatory response was made by measurement of IL-1ra and soluble IL-1RII, since their appearance is correlated with the in¯ammatory response and outcome after severe injury (Pruitt et al, 1996) . IL-1ra and soluble IL-1RII concentrations were measured by ELISA as reported before (Fischer et al, 1992) .
Every morning at 08:00 h blood for amino acid analysis was taken in heparinized tubes, and immediately put on ice. Amino acid analysis was performed by high-performance liquid chromatography as previously described (Teerlink et al, 1994) . The study was approved by the medical ethical committee of the institute and informed consent was obtained from each patient.
Results
Operative characteristics of patients undergoing thoracoabdominal aortic surgery repair are summarized in Table 1 . Assessment of in¯ammatory response could con®rm the impact of these major operations, as plasma concentrations of IL-RII were doubled and plasma levels of IL-1ra increased more than 30-fold over preoperative levels. Peak levels (IL-1ra: 168 + 46 pgaml, IL-1RII 15.8 + 4.1) were reached within the ®rst 8 h after surgery, and levels remained highly elevated during the ®rst three postoperative days.
Arginine plasma levels are shown in Figure 1 . Normal plasma levels of arginine are in the order of 100 mmolal. Very low arginine plasma levels were seen on the ®rst postoperative day. From day 1, arginine levels increased again, but did not reach normal levels on day 6.
Discussion
In this study we showed an impressive decrease of arginine plasma levels after thoracoabdominal aortic surgery. Most of the synthesis of arginine occurs in the liver and the kidney. However, the liver does not contribute signi®cantly to maintaining the plasma levels of arginine, since arginine synthesized in the liver is utilized in this organ in the urea cycle by the enzyme arginase. Arginase activity is 50 ± 100 times greater in the liver than in the kidney. Thus maintaining normal plasma arginine levels mainly depends on its synthesis by the kidney and on dietary intake. Arginine might be classi®ed as a semidispensable amino acid in unstressed animals and humans, but when the degradation andaor utilization is increased, such as in wound healing, injury, trauma and sepsis, arginine becomes an indispensable amino acid and its dietary intake should increase.
Arginine has many functions, but one of the most important functions of arginine is its role as a precursor of nitric oxide (NO). NO can be generated from arginine by the constitutive nitric oxide synthase (cNOS), constantly producing small amounts of NO and the inducible nitric oxide synthase (iNOS), which generates large quantities of NO in various stimulated cells. NO is an important vasodilator and plays a major role in the regulation of systemic and splanchnic circulation in both normal and pathological situations.
Physiologic plasma levels of arginine appear to be limiting for NO synthesis in some cell types. Furthermore, it has been demonstrated that cNOS, when activated in arginine-starved environments, can still receive electrons from NADPH and donate them to its other substrate, O 2 , resulting in a one-electron reduction form, the radical O 2 7 (Klatt et al, 1994) . Renal complications such as renal failure occur frequently in patients undergoing thoracoabdominal aortic surgery and substrate inadequacy could develop when the kidney as the major site of endogenous arginine production is severely damaged. In rats, additional exogenous arginine increases NO synthesis, demonstrating that endogenous arginine is insuf®cient for maximal NO synthesis (Pastor et al, 1995) . Schleiffer et al reported that administration of arginine, given enterally before ischemia, improves survival and intestinal mucosal barrier function (Schleiffer & Paul, 1996) . They speculate that increasing NO formation may exert a bene®cial effect by improving intestinal recovery from an ischemic insult. Blood¯ow is essential in the maintenance of proper gut function and disturbances in the intestinal circulation can easily lead to mucosal damage and subsequent translocation of bacteria and endotoxins. Several studies have suggested that a reduction in intestinal blood¯ow may play a role in pathophysiology of gut barrier failure and subsequent bacterial translocation. Gabe et al showed that splanchnic ischemia is associated with an increase in intestinal permeability and endotoxemia in general intensive care patients Figure 1 Arginine plasma levels (mean value + s.e.m.).
Low arginine plasma levels RJ Nijveldt et al (Gabe et al, 1998) . We showed in a rat model that low arginine plasma levels result in a reduced blood¯ow to the small intestine during a low grade endotoxemia, while low arginine plasma levels alone did not in¯uence organ blood ow (Prins et al, 2000) . Patients undergoing thoracoabdominal aortic surgery suffer a high postoperative complication rate, especially due to ischemia reperfusion injury of the intestine, which is the main cause of endotoxemia and contributes to the development of systemic and local infections. Plasma levels of arginine seem to be rate limiting in NO synthesis, and thus are essential in maintaining organ blood¯ow. In these patients, arginine is also important in wound healing and to stimulate the immune system. Therefore it may be important to keep plasma arginine levels at normal or even higher levels in patients undergoing major vascular surgery. The present study supports the investigation of the effect of an arginine enriched enteral nutrition in patients after thoracoabdominal aortic surgery.
